Introduction
Run-to-run fluctuation in the growth conditions of physical vapor transport (PVT) growth of 4H-SiC largely hinders stable manufacturing of high-quality SiC substrates. SiC crystal growers secure the reproducibility of PVT growth through the control of macroscopic growth parameters, such as the temperature difference between the seed and source material and the inert gas pressure in the growth crucible [1] ; however, achieving a sufficiently stable and reproducible PVT growth process is still difficult. The reason is that even under the same "macroscopic" growth conditions, microscopic growth parameters, such as the supersaturation and C/Si ratio of the source gas over the growing surface, vary slightly among growth runs. Therefore, it is critical to know the "microscopic" growth parameters on the growing surface for each growth run and control them to realize stable and reproducible manufacturing of high-quality 4H-SiC crystals.
In this paper, we attempt to determine the dominant microscopic growth parameters to implement reproducible PVT growth of 4H-SiC crystals via observations of the growth surface morphology on the (0001 _ ) facet of 4H-SiC boules. We observed various growth surface morphologies on the 4H-SiC boules that were produced under the same "macroscopic" growth conditions but in different growth runs. We discuss the origin of the observed surface morphologies in terms of the microscopic growth parameters and how these growth parameters influence the reproducibility of the SiC bulk crystal growth process.
Experimental
4H-SiC single crystal boules were grown on an on-axis or off-oriented (0001 _ ) 4H-SiC seed crystal using the PVT growth method. The growth temperature was around 2350°C, and the inert (argon) gas pressure was maintained constant during growth (within 0.2-2.0 kPa). The grown boules were doped with nitrogen by adding a constant nitrogen gas flow to the growth ambience (doping concentration: high 10 18 cm −3 ). We tried to use graphite materials of the same porosity and resistivity for all the growth runs and achieve precise temperature and gas flow control during growth. The polytype of the grown boules was examined via Raman scattering spectroscopy and was found to be identical to that of 4H-SiC seed crystals. The nitrogen concentration in the facet area was also estimated via Raman microscopy by measuring the peak frequency shift of the LO phonon-plasmon coupled (LOPC) mode [2] . The macroscopic (millimeter scale) morphology of the (0001 _ )C facet of the 4H-SiC boules was examined via differential interference contrast (DIC) optical microscopy, and the surface-morphology assessments with micrometer-and nanometer-scale resolutions were performed via low-voltage scanning electron microscopy (LVSEM) and atomic force microscopy (AFM). LVSEM observations were performed using two electron detectors: an annular detector in the lens column, and an Everhart-Thornley (E-T) detector that is laterally located outside the lens column. The latter was used to obtain low-energy (~1 kV) electron channeling contrast (LE-ECC) images [3] of the step-terrace structure on the (0001 _ ) facet of the 4H-SiC boules. Figure 1 shows AFM images of the growth spirals found in the central region of the (0001 _ ) facet of nitrogen-doped 4H-SiC boules. We examined three boules denoted by A, B, and C, which were grown under the same macroscopic growth conditions. We found a couple of growth spirals in the central region of the facet for each boule. The AFM images shown in Figs. 1(a), 1(b), and 1(c) correspond to the growth spirals observed for boules A, B, and C, respectively. At the growth spiral center, a threading screw dislocation (TSD) exists, from which a pair of half unit-cell height steps (height: 0.5 nm) emanate for boules A and B, whereas a quadruple of single Si-C bilayer steps (height: 0.25 nm) emanate from a TSD for boule C. As seen in these figures, the three growth spirals exhibit different spiral pitches, resulting in different terrace widths between the spiral steps. The terrace width of spiral steps increases in the order of boules A, B, and C, which indicates that the run-to-run fluctuation in the microscopic growth parameters could afford different spiral pitches on the (0001 _ ) facet of 4H-SiC boules grown under the same macroscopic growth conditions. A similar variation in the spiral pitches was reported by Nakamura et al. for chemical vapor deposition (CVD) grown 6H-SiC epitaxial layers on a nominally on-axis 6H-SiC (0001) substrate [4] . They observed changes in the spiral pitches under the growth conditions with different C/Si ratios of the source gas (C 3 H 8 versus SiH 4 flow rate). The lower the C/Si ratio, the wider the terrace width between spiral steps. We assume that a similar variation in the C/Si ratio of the vapor sublimed from the source material during the PVT growth of SiC plays an important role in the phenomenon we observed. The variation of the C/Si ratio would be caused by run-to-run fluctuation in the physical and thermal properties of the materials used for the growth setup. For example, a subtle inhomogeneity in electrical resistivity of graphite materials causes a variation in the temperature distribution in the growth crucible. To examine the effect of the C/Si ratio, we measured the carrier concentration of the grown boules via Raman microscopy by measuring the LOPC mode peak shift, because the nitrogen donor concentration (carrier concentration) is largely influenced by the C/Si ratio in the source gas during SiC crystal growth [5] . A larger C/Si ratio in the source gas affords a lower nitrogen concentration in the grown crystals. Table 1 summarizes the results of carrier (electron) concentration measurements conducted on the (0001 _ ) facet of boules A, B, and C. The carrier concentration increases in the order of boules C, B, and A, which implies that the C/Si ratio of the vapor sublimed from the source material during each PVT growth run would have increased in the order of boules A, B, and C. Although other growth parameters could also cause the variation in carrier concentration, simultaneous occurrence of the morphological change of steps on the facet suggests the C/Si ratio in the source gas as a main cause of the variation in carrier concentration.
Results and Discussion
Combining these results with those of the AFM observations of the facet morphology, we can conclude that the terrace width between spiral steps increases with increasing C/Si ratio. This trend is opposite to that reported by Nakamura et al. for CVD growth on the 6H-SiC (0001) surface. The reason for the opposite trend would be the surface polarity of the substrate or seed crystal used for crystal growth: CVD growth was conducted on a (0001)Si substrate, whereas 4H-SiC boule growth in this study was conducted on a (0001 _ )C seed crystal. The mechanism of widening of the spacing of spiral steps caused by changing C/Si ratio is yet to be clarified; however, we believe that surface kinetics, more specifically step edge diffusion of adatoms at spiral steps, plays a crucial role in this phenomenon. In this regard, Chen et al. reported an interesting result: under a low C/Si ratio growth condition, the surface migration of adatoms on the 4H-SiC (0001) surface is enhanced during CVD growth [6] . We assume that a similar enhancement effect of surface and step edge diffusion of adatoms on the (0001 _ ) surface occurs during the PVT growth of 4H-SiC under a high C/Si ratio growth condition. The enhanced migration of adatoms along the step edges kinetically results in a larger radius of curvature of spiral steps, which leads to a wider spacing of spiral steps near the spiral growth center, as observed on the (0001 _ ) facet of boule C. The above-mentioned assumption of the enhanced migration of adatoms on the (0001 _ ) surface under a high C/Si ratio growth condition is supported by another distinct feature of the surface morphology on the (0001 _ ) facet. Figure 2 shows AFM images of the step-terrace structures observed on the (0001 _ ) facet of boules A, B, and C; we can clearly see that heights and morphologies of surface steps are different among boules. Half unit-cell height steps were almost exclusively observed on the facet of boule A, and single Si-C bilayer steps were often observed on the facet of boule B. For boule C, single bilayer steps were dominant on the facet, as shown in Fig. 2(c) . This tendency was also confirmed from the spiral growth morphology, as shown in Fig. 1 . Furthermore, it became apparent from wider-area AFM observations of the facet of boule B that half unit-cell height step and a pairs of single bilayer steps are often alternately arranged on the facet. This implies that either type of two possible half unit-cell height step structures with oppositely inclined atomic columns in the topmost two Si-C bilayers [3] are dissolved into single Si-C bilayer steps. LE-ECC analysis revealed that half unit-cell height steps with atomic columns in the topmost layer inclined towards the upper steps are ) facet of boule B. These half unit-cell steps have two Si dangling bonds at the step risers. The observed step structure on the (0001 _ ) facet of boule B suggests that surface growth kinetics tend to prevail over surface energetics in terms of the formation of step-terrace structures on the (0001 _ ) facet. This tendency was further enhanced on the facet of boule C, where most half unit-cell steps were dissolved into single Si-C bilayer steps. This kinetically driven step dissociation would result from the enhanced diffusion of adatoms on the facet under a high C/Si ratio growth condition.
Summary
The run-to-run fluctuation in PVT growth conditions was investigated through observations of surface morphology on the (0001 _ ) facet of nitrogen-doped 4H-SiC crystals. The variation in the terrace width between spiral steps is regarded as a manifestation of the run-to-run fluctuation in the growth conditions, more specifically the variation in the C/Si ratio of vapor sublimed from the source material. Large C/Si ratios could cause decreased nitrogen incorporation into the crystals and enhanced surface diffusion of adatoms on the (0001 _ ) surface during growth, and thus, this ratio needs to be precisely controlled to achieve reproducible PVT growth of 4H-SiC crystals. 
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